Cunningham R, Biswas R, Brazie M, Steplock D, Shenolikar S, Weinman EJ. Signaling pathways utilized by PTH and dopamine to inhibit phosphate transport in mouse renal proximal tubule cells. Am J Physiol Renal Physiol 296: F355-F361, 2009. First published November 5, 2008 doi:10.1152/ajprenal.90426.2008.-The present experiments were designed to detail factors regulating phosphate transport in cultured mouse proximal tubule cells by determining the response to parathyroid hormone (PTH), dopamine, and second messenger agonists and inhibitors. Both PTH and dopamine inhibited phosphate transport by over 30%. The inhibitory effect of PTH was completely abolished in the presence of chelerythrine, a PKC inhibitor, but not by Rp-cAMP, a PKA inhibitor. By contrast, both chelerythrine and Rp-cAMP blocked the inhibitory effect of dopamine. Chelerythrine inhibited PTH-mediated cAMP accumulation but also blocked the inhibitory effect of 8-bromo-cAMP on phosphate transport. On the other hand, Rp-cAMP had no effect on the ability of DOG, a PKC activator, to inhibit phosphate transport. PD98059, an inhibitor of MAPK, had no effect on PTH-or dopamine-mediated inhibition of sodium-phosphate cotransport. Finally, compared with 8-bromo-cAMP, 8-pCPT-2Ј-O-Me-cAMP, an activator of EPAC, had no effect on phosphate transport. These results outline significant differences in the signaling pathways utilized by PTH and dopamine to inhibit renal phosphate transport. Our results also suggest that activation of MAPK is not critically involved in PTH-or dopaminemediated inhibition of phosphate transport in mouse renal proximal tubule cells in culture. parathyroid hormone; PKA; PKC IN RECENT EXPERIMENTS from this laboratory, we used primary cultures of mouse proximal tubule cells to study phosphate transport with emphasis on elucidating the role of adaptor proteins such as 15, 30, 33) . From such studies, we provided evidence that parathyroid hormone (PTH) inhibits phosphate transport utilizing downstream signaling pathways involving activation of protein kinase C (PKC) and protein kinase A (PKA) (7, 8). We have not, however, detailed the role of these pathways in this tissue. This is important since there may be differences in second messenger signaling pathways between model cell systems (3, 22) . Moreover, hormones such as PTH have been demonstrated to interact with PTH1 receptors on both the apical and basolateral sides of renal proximal tubule cells and although the receptors are the same, signaling following the binding of PTH differs (5, 19, 26, 31) . Accordingly, in the present experiments, we employ inhibitors and activators of specific protein kinases to determine the role of PKC, PKA, and MAPK on both PTH-and dopaminemediated inhibition of phosphate transport in primary cultures of mouse proximal tubule cells. In addition, we contrasted the effect of cAMP with a specific activator of exchange protein activated by cAMP (EPAC) (10, 16, 27) .
IN RECENT EXPERIMENTS from this laboratory, we used primary cultures of mouse proximal tubule cells to study phosphate transport with emphasis on elucidating the role of adaptor proteins such as NHERF-1 (7-9, 15, 30, 33) . From such studies, we provided evidence that parathyroid hormone (PTH) inhibits phosphate transport utilizing downstream signaling pathways involving activation of protein kinase C (PKC) and protein kinase A (PKA) (7, 8) . We have not, however, detailed the role of these pathways in this tissue. This is important since there may be differences in second messenger signaling pathways between model cell systems (3, 22) . Moreover, hormones such as PTH have been demonstrated to interact with PTH1 receptors on both the apical and basolateral sides of renal proximal tubule cells and although the receptors are the same, signaling following the binding of PTH differs (5, 19, 26, 31) . Accordingly, in the present experiments, we employ inhibitors and activators of specific protein kinases to determine the role of PKC, PKA, and MAPK on both PTH-and dopaminemediated inhibition of phosphate transport in primary cultures of mouse proximal tubule cells. In addition, we contrasted the effect of cAMP with a specific activator of exchange protein activated by cAMP (EPAC) (10, 16, 27) .
METHODS

Animals and preparation of renal proximal tubule cells.
Male C57BL/6 mice 12 to 16 wk were used in the current experiments. To prepare primary renal proximal tubule cell cultures, mice were euthanized by intraperitoneal injection of 100 mg/kg pentobarbital sodium followed by decapitation. The kidneys were removed, and the cortices were dissected, minced, and digested using 1% collagenase type II (Worthington) and 0.025% soy bean trypsin inhibitor, and sedimented on 45% Percoll (7, 9, 33) . The proximal tubule cells were grown in an incubator at 37°C in 5% CO 2 in DMEM-F12 media containing 50 U/ml of penicillin, 50 g/ml streptomycin, 10 ng/ml epidermal growth factor, 0.5 M hydrocortisone, 0.87 M bovine insulin, 50 M prostaglandin E 1, 50 nM sodium selenite, 5 g/ml human transferrin, and 5 pM 3,3Ј,5-triiodo-L-thyronine on Matrigel-coated plastic cell culture dishes. The cultures were left undisturbed for 36 h after which the media were replaced every 2 days until the cells achieved confluence at 5 to 7 days after plating.
Transport assay. Where studied, cells were treated initially with chelerythrine (10 nM), Rp-cAMP (100 M), or PD98059 (100 M) for 20 min before the addition of PTH (10 Ϫ7 M), dopamine (10 M), DOG (10 M), or 8-bromo-cAMP (100 M) for 60 min. In other studies, cells were incubated in 8-bromo-cAMP (100 M) or 8-pCPT-2Ј-O-Me-cAMP (50 M) for 25 min before study. Phosphate transport was measured by determination of the sodium-dependent uptake of 32 P-labeled phosphate (9, 11) . The cells were washed three times and preincubated for 5 min in nonradioactive transport medium containing 137 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl 2, 1.8 mM MgSO 4, and 0.1 mM KH2PO4. Phosphate uptake was initiated by the addition of transport medium containing 32 P-radiolabeled orthophosphate. Uptake was continued for 10 min at room temperature, after which the cells were washed with ice-cold medium in which tetramethylammonium chloride was substituted for sodium chloride, 32 Pphosphate was omitted, and 0.5 mM sodium arsenate was added. The cells were solubilized in 1% Triton X-100 for 90 min at 4°C and an aliquot was analyzed by liquid scintillation spectroscopy. Each assay was performed in triplicate and averaged to provide a single data point.
Other assays. Membrane preparations from cultured cells were prepared as previously described (8) . The resultant pellet was resuspended in 0.1% SDS, electrophoresed in Laemli buffer, and Western immunoblotting was performed using an antibody specific for Npt2a (8) . The intensity of the Npt2a bands was quantitated using laser densitometry. The production of intracellular cAMP in cultured cells in response to 10 Ϫ7 M PTH was measured by nonacetylation EIA (cAMP Biotrak Assay Kit, Amersham) in the presence of 0.4 mM 3-isobutyl-1-methylxanthine (7). PKA activity was determined using cAMP-Dependent Protein Kinase (PKA) Radioactive Assay Kit (SignaTECT Promega). PKC activity was assayed using Promega's SignaTECT PKC Assay System containing a specific PKC substrate and capture membrane. Protein concentrations were determined using the method of Lowry et al. (24) . Statistical comparisons were performed using ANOVA.
RESULTS
In initial experiments, we determined the minimum concentration of chelerythrine, a PKC inhibitor, that blocked the inhibitory effect of 1,2-s,n-dioctanoylglycerol (DOG; 10 M), an activator of PKC, on phosphate uptake. Chelerythrine was studied over a concentration range of 10 pM to 10 nM. Incubation of proximal tubule cells with 10 nM chelerythrine for 20 min did not affect basal phosphate uptake (% change vs. control ϭ 3 Ϯ 3%, n ϭ 4, P ϭ NS). DOG inhibited phosphate uptake by 27 Ϯ 4% in the absence and 1 Ϯ 3% in the presence of chelerythrine (10 nM). We also studied the effect of RpcAMP, an inhibitor of PKA, over a concentration range of 50 to 1,000 M. Treatment of cells with Rp-cAMP (100 M) did not affect basal phosphate uptake (% change vs. control ϭ 1 Ϯ 3%, n ϭ 3, P ϭ NS). 8-bromo-cAMP (100 M) inhibited phosphate uptake by 33 Ϯ 2% in the absence and 1 Ϯ 1% in the presence of Rp-cAMP (100 M). Accordingly, in the remaining experiments, the PKC inhibitor chelerythrine was used in a concentration of 10 nM and the PKA inhibitor Rp-cAMP was used in a concentration of 100 M.
PTH 1-34 (10 Ϫ7 M) inhibited phosphate transport by 40.1 Ϯ 2.0% from 8.7 Ϯ 1.1 to 5.1 Ϯ 0.6 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 (n ϭ 6, P Ͻ 0.01; Fig. 1 ). Phosphate uptake averaged 8.9 Ϯ 1.2 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in cells treated with chelerythrine and PTH (P ϭ NS vs. control) and 5.3 Ϯ 0.7 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in cells treated with Rp-cAMP and PTH (P ϭ NS vs. PTH-treated cells). Thus, chelerythrine completely blocked PTH-associated inhibition of phosphate transport while Rp-cAMP had no effect. In cultured mouse renal proximal tubule cells, PTH activates PKC and stimulates the production of cAMP (7, 8) . Independent of PTH, treatment of these cells with 8-bromo-cAMP inhibits phosphate transport. Accordingly, interpretation of the above experiments requires an explanation for why chelerythrine, a putative PKC inhibitor, would also block the predicted inhibitory effect of PTH-generated cAMP accumulation. We first determined whether chelerythrine affected PTH-mediated cAMP generation. cAMP accumulation averaged 55 Ϯ 19 fmol well/OD280 in untreated cells, 4,970 Ϯ 1,019 in PTH-treated cells (P Ͻ 0.01 vs. control untreated cells), 72 Ϯ 9 in chelerythrinetreated cells (P ϭ NS vs. untreated cells), and 91 Ϯ 13 in cells treated with chelerythrine and PTH (P ϭ NS vs. untreated cells; n ϭ 4). We also determined the effect of chelerythrine on total cellular cAMP-stimulated PKA activity in these cultured proximal tubule cells. PKA activity averaged 242 Ϯ 76 pmol/g protein in control cells and 233 Ϯ 94 in cells treated with chelerythrine (n ϭ 4, P ϭ NS vs. control cells). We next examined the effects of inhibition of PKC and PKA on phosphate transport when the second messenger pathways were individually activated. Phosphate transport averaged 9.1 Ϯ 0.6 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in untreated cells and 6.0 Ϯ 0.6 in cells treated with 8-bromo-cAMP (n ϭ 5, P Ͻ 0.01). Phosphate transport was 9.4 Ϯ 0.6 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in cells treated with chelerythrine (P ϭ NS vs. untreated cells) and 9.2 Ϯ 0.9 in cells treated with chelerythrine and 8-bromo-cAMP (P ϭ NS vs. untreated cells; Fig. 2 ). By contrast, Rp-cAMP did not block DOG-associated inhibition of phosphate transport. Phosphate transport averaged 8.1 Ϯ 1.1 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in untreated cells and 4.4 Ϯ 0.6 in cells treated with DOG (n ϭ 6, P Ͻ 0.01). Phosphate transport was 7.8 Ϯ 1.1 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in cells treated with Rp-cAMP (P ϭ NS vs. untreated cells) and 4.5 Ϯ 0.6 in cells treated with Rp-cAMP and DOG (P ϭ NS vs. DOG-treated cells; Fig. 3 ). These experiments demonstrate that while chelerythrine, in the dose studied, inhibits cAMP production, it had no effect on total cellular PKA activity. Chelerythrine completely blocked the inhibitory effect of 8-bromocAMP on phosphate transport, whereas Rp-cAMP did not block the inhibitory effect of DOG. These results indicate that the inhibitory effect of cAMP on phosphate transport proceeds through a pathway that absolutely requires active PKC. In the above model, PTH activation of PKA appears secondary or even redundant to the direct activation of PKC to mediate inhibition of phosphate transport. To determine whether PKA activation was required for the regulation of phosphate transport by other hormones that also elevate intracellular cAMP, we examined the effect of dopamine (Fig. 4) . In separate experiments, phosphate transport was 13.4 Ϯ 1.9 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in control cells and 7.8 Ϯ 1.1 (n ϭ 6, P Ͻ 0.01) in cells treated with dopamine (10 M). The abundance of Npt2a averaged 2.6 Ϯ 0. whereby dopamine activates adenylyl cyclase followed by PKA activation of PKC. To extend these observations, we measured cAMP accumulation and PKC activation in response to PTH, dopamine, and second messenger agonists. As shown in Table 1 , treatment of wild-type proximal tubule cells with PTH resulted in cAMP generation. Dopamine also significantly increased cAMP generation albeit not to the same degree as PTH. Treatment with DOG to activate PKC, on the other hand, did not stimulate cAMP accumulation. Table 2 summarizes the effect of PTH, 8-bromo-cAMP (to activate PKA), and dopamine on PKC activation. PTH, dopamine, and 8-bromo-cAMP all significantly activated PKC in wild-type proximal tubule cells.
Prior studies showed that MAPK was also activated in response to PTH and to a lesser extent, dopamine (3, 22, 28) .
Moreover, some studies suggested a pivotal role for MAPK in the inhibition of Npt2a (3, 22) . Thus, we also examined the potential role of the MAP kinase pathway in Npt2a inhibition by PTH and dopamine in proximal tubule cells in culture using PD98059, a potent MAPK kinase or MEK inhibitor. In initial experiments, we examined the effect of PD98059 in doses ranging from 10 to 100 M and found that 100 M had no effect on basal phosphate uptake. This concentration was then used in subsequent experiments. This concentration was also used by Lederer et al. in studies on OK cells but higher than the concentration used by Bacic et al. (3, 22) . Phosphate transport averaged 11.4 Ϯ 1.0 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in control cells and 11.2 Ϯ 1.4 in cells treated with PD98059 (100 M; n ϭ 6, P ϭ NS vs. control cells). In cells treated with PTH, phosphate transport was 6.2 Ϯ 0.9 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 (P Ͻ 0.01 vs. control cells) in the absence and 5.9 Ϯ 0.9 in the presence of PD98059 (P Ͻ 0.01 vs. control cells). In cells treated with dopamine, phosphate transport was 6.4 Ϯ 0.8 nmol⅐mg protein Ϫ1 ⅐10 min Ϫ1 in the absence (P Ͻ 0.01 vs. control cells) and 6.5 Ϯ 0.7 in the presence of PD98059 (P Ͻ 0.01 vs. control cells; Fig. 5 ). Thus, in cultured proximal tubules of mice, inhibition of the MAPK pathway had no effect on the inhibitory effect of either PTH or dopamine on phosphate transport.
Recent studies showed that EPAC activation by cAMP modulated the function of some renal transporters such as NHE3 (16, 27) . Thus, in our final set of experiments, we explored the possibility that the inhibitory effect of cAMP Values are the mean of means Ϯ SE. The effect of parathyroid hormone (PTH), 1,2-s,n-dioctanoylglycerol (DOG), and dopamine on cAMP accumulation in mouse renal proximal tubule cells was expressed as cAMP/g protein per well compared with untreated control cells. *P Ͻ 0.05; n ϭ 7.
on phosphate transport was the result of activation of EPAC (Fig. 6) .
DISCUSSION
The precise downstream signaling pathways utilized by PTH and other hormones that control renal phosphate transport are still poorly understood. Most of the prior studies detailing these pathways have employed OK cells. By contrast, we used primary cultures of mouse proximal tubule cells as a convenient model to study the inhibitory effect of PTH on phosphate transport (7-9, 15, 30, 33) . OK cells provided considerable insights into the function of renal proximal tubules and are widely considered the ideal model of proximal tubule cells in culture. It is worth noting, however, that virtually nothing is known about whole kidney function of the animal from which these cells are derived. Other differences between OK cells and other proximal tubules are also documented. For example, OK cells express NHERF-1 but lack NHERF-2, whereas mouse and human proximal tubules express both isoforms (32, 34) .
This may have important bearings on the actions of PTH and its effect on proximal tubule transporters. NHE3 undergoes endosomal recycling in OK cells, a phenomenon not observed in the intact kidney of the rat (1, 35) . Thus, there may be too much reliance on OK cells as the "gold standard" of proximal tubule function. This is particularly germane as it relates to the present studies using primary cultures of proximal tubules from the mouse. The preparation of renal cells used by our laboratory appears to be predominantly proximal tubule cells (7) . Less than 5% of cells adapt a spindle shape and we assumed these cells represent fibroblast-like cells. Since these cells were unlikely to express NHE3 or Npt2a activity, we believed their presence had minimal impact on our interpretations. Our cell preparation responds vigorously to PTH with cAMP accumulation and PKC activation (7) . By comparison, cAMP accumulation following treatment with vasopressin is orders of magnitude lower than PTH. All but the spindle-like fibroblast cells in this preparation stain positively using antibodies to NHE3 or Npt2a indicative of the proximal tubule origin of these cells (7, 9) . Finally, using our published protocol, we find that these cells polarize. Confocal imaging of these primary mouse proximal tubule cells indicates that NHERF-1 and Npt2a are expressed exclusively in the apical membrane while Na-K-ATPase is expressed in the basolateral membrane (33) . This cell preparation also demonstrates transport activities found predominantly or exclusively in renal proximal tubules including sodium-hydrogen exchange activity that, using pharmacologic inhibitors, likely represents NHE3 activity, sodiumdependent phosphate transport that correlates with Npt2a abundance, and sodium-dependent glucose transport (7, 33) . It is our view, therefore, that the differences in results between preparations cannot be assumed to represent defects in model cell systems other than OK cells.
In our prior experiments, we had not detailed the downstream pathways activated by PTH or other hormones or determined the role of activation of MAPK or EPAC on phosphate transport in primary cultures of proximal tubule cells. Accordingly, the present experiments were designed to examine the effect of PTH and dopamine on the renal transport of phosphate in this preparation and to determine the potential roles of activation of PKC, PKA, MAPK, and EPAC using inhibitors and activators of these biochemical pathways. We initially determined the dose of the PKC inhibitor, chelerythrine, and the PKA inhibitor, Rp-cAMP, that blocked the actions of PKC and PKA agonists while having little or no effect on phosphate transport by themselves. We found that 10 nM chelerythrine and 100 M Rp-cAMP totally blocked inhibition of phosphate transport by DOG and 8-bromo-cAMP, respectively. PTH-mediated inhibition of phosphate transport was totally blocked by chelerythrine but not by Rp-cAMP, indicating a major role for PKC in the inhibition of phosphate transport following activation of the PTH1 receptor. These results are similar to those reported by Mahon et al. (25) in OK cells using other PKC inhibitors. Remarkably, chelerythrine significantly inhibited PTH-mediated cAMP generation but had no effect on the cellular content of cAMP-stimulated PKA activity. To explore this further, we also studied the effect of these kinase inhibitors on phosphate inhibition by the two second messenger pathways known to be activated by PTH. Surprisingly, chelerythrine totally blocked the inhibitory effect of 8-bromo-cAMP on phosphate transport. Thus, independent of its inhibitory effect on cAMP generation, chelerythrine also inhibited the actions of PKA supporting the conclusion that both PKA and PKC were part of a second pathway activated by PTH with PKC functioning downstream of PKA to inhibit Npt2a. This may occur through the ability of PKA to activate PKC as reported in some nonrenal cells (6, 18, 21, 37) and/or by inhibiting a phosphatase that opposes the actions of PKC, as suggested in our earlier studies (33) .
To extend these observations, we studied the effects of dopamine, a hormone known to stimulate cAMP generation and activate PKC in renal proximal tubule cells (11, 17, 28) . Dopamine inhibits a number of transporters in renal proximal tubule cells including Na-K-ATPase, Npt2a, and NHE3 (2, 4, 13, 14, 20, 23, 29) . It has been suggested that the interplay between these transporters affects their activity. For example, inhibition of NHE3 might lead to downregulation of Na-KATPase while inhibition of Na-K-ATPase may inhibit phosphate and Na/H exchange transport. By contrast, studies using isolated brush-border membrane vesicles where an artificial gradient can be imposed and measurements performed examining other sodium-coupled transport systems have indicated that dopamine affects the activity of these three transporters directly (11, 17) . It is generally agreed that dopamine activation of the D1-like receptors is the major pathway regulating these transporters (36) . There is some disagreement about the D2 receptors. Perrichot et al. (29) reported that activation of the D2 receptors potentiated the inhibitory effect of D1 receptor activation on phosphate transport in OK cells. Lederer et al. (23) , on the other hand, reported that D2 activation attenuated the inhibitory effect of D1 activation on phosphate transport in OK cells. Finally, Bacic and co-workers (2) found that D2 activation had no effect on the internalization of Npt2a in mouse kidney slices. The downstream signaling pathways following exposure of proximal tubule cells to dopamine resulting in altered phosphate transport also remain unclear. Dopamine-stimulated cAMP accumulation and cAMP-mediated activation of PKA result in inhibition of phosphate transport. Nonetheless, Lederer et al. using OK cells concluded that the dopamine-mediated cAMP activation was not required for dopamine-mediated inhibition of phosphate transport; results confirmed by Baines and Drangova who demonstrated that PKA inhibitors did not block the effect of dopamine on phosphate transport in OK cells (4, 23) . By contrast, Bacic et al. (2) reported that activation of the D1 receptor results in internalization of Npt2a in mouse kidney and in OK cells and that this effect is blocked by inhibitors of PKA. Thus, the role of PKA activation in dopamine-mediated inhibition of phosphate transport is controversial. Dopamine is also known to stimulate PKC activation (17) . However, Baines and Drangova (4) reported that inhibition of PKC did not block the inhibitory effect of dopamine in OK cells and Bacic and co-workers (2) reported that dopamine treatment resulted in the endocytosis of Npt2a by a PKA pathway that was not blocked by inhibition of PKC. In addition, studies by Perrichot and co-workers in OK cells suggested that dopamine inhibited phosphate transport via Fig. 7 . In renal proximal tubule cells, PTH1R and Npt2a are both tethered at the plasma membrane through their association with NHERF-1. Following the binding of PTH, signaling by the NHERF-1-bound PTH1R is directed toward the activation of PKC. This promotes the phosphorylation of NHERF-1 at serine77 which lies within the PDZ-1 domain and results in its reduced affinity for Npt2a. The dissociation of NHERF-1/Npt2a complexes enhances the internalization of Npt2a and inhibits sodium-phosphate cotransport. PTH also promotes the generation of cAMP by the PTH1R receptor. cAMP/PKA may activate PKC and/or function by an unknown mechanism to suppress the activity of a protein phosphatase to enhance or prolong the phosphorylation of NHERF-1. Thus, the coordinated actions of PKC and PKA may transduce PTH signals that control the extent and duration of Npt2a inhibition. By contrast, the activation of the dopamine D1 receptor preferentially enhances PKA activity. PKA activation results in activation of PKC with subsequent inhibition of sodium-phosphate transport.
PKA activation but, as assessed by cell calcium measurements as an indirect measure of PKC activity, not by PKC (29) .
Our findings need to be compared and contrasted to the above studies. In cultured mouse proximal tubules, we confirm that dopamine inhibits sodium-dependent phosphate transport. The inhibitory effect of dopamine on phosphate transport is blocked by both Rp-cAMP and chelerythrine. This finding is clearly different from the inhibitory effect of PTH that is blocked by chelerythrine but not Rp-cAMP. Accordingly, our data are most consistent with the proposal that dopamine activates PKA via production of cAMP and that PKA sequentially activates PKC. This suggestion is supported by our findings that treatment of cells with 8-bromo-cAMP stimulated PKC activity to the same extent as PTH and dopamine. Activation of PKC, however, did not stimulate cAMP production. It is admittedly difficult to reconcile all the conflicting data regarding the mechanism by which dopamine inhibits phosphate transport but our proposal of sequential activation of PKA followed by activation of PKC is rationalized, at least in part, by consideration of the effect of dopamine on Na-KATPase activity. Khundmiri and Lederer and Gomes and Soares-da-Silva (13, 20) reported that dopamine-mediated inhibition of Na-K-ATPase activity was blocked by inhibitors of PKC and PKA. In the Gomes studies (13), it was reported that inhibition of PKC blocked the inhibitory effect of cAMP and suggested that PKA activation led to activation of PKC. Han et al. (14) also reported that both PKA and PKC inhibition blocked dopamine-stimulated uptake of calcium in rabbit proximal convoluted tubule cells in culture. Thus, the proposed biochemical sequence of reactions resulting in dopamine-mediated inhibition of Na-K-ATPase activity and stimulation of calcium uptake in proximal tubule cells resembles the sequence proposed herein for dopamine-mediated inhibition of phosphate transport in mouse proximal tubule cells.
In the present experiments, we also examined the potential role of MAPK activation on PTH-mediated inhibition of phosphate transport in renal proximal tubule cells. The basis for these studies derives from the original observations of Lederer et al. (22) who found that PTH stimulated MAPK activity in OK cells and that the inhibitory effect of PTH could be blocked by an upstream inhibitor of MAPK. In mouse kidney slices, Bacic and co-workers (3) reported smaller PTH-stimulated MAPK activity than in OK cells but also observed that an upstream inhibitor of MAPK partially inhibited PTH-mediated decreases in the retrieval of Npt2a from the apical membranes of proximal tubule cells. In cultured mice proximal tubule cells, on the other hand, we reported that PTH failed to stimulate MAPK activity (8) . Consistent with this observation, the MAPK kinase inhibitor PD98059 did not affect either basal transport or impair the inhibitory effect of either PTH or dopamine on phosphate transport. Thus, PTH activation of MAPK, which may be operative in some cells, at best plays a minor role in the inhibition of phosphate transport in response to PTH in primary cultures of mouse proximal tubule cells. We also found that inhibition of MAPK did not block the inhibitory effect of dopamine on phosphate transport. These results confirm the observation of Bacic and co-workers (2) who reported that an inhibitor of MAPK did not affect dopamine-mediated internalization of Npt2a in mouse kidney.
Recent studies have uncovered a novel role for cAMP in the direct binding and activation of an exchanger protein family known as EPAC (10) . Activation of EPAC inhibits NHE3 activity in some tissues but had no discernable effect on the internalization of Npt2a in mouse kidney slices (16, 27) . Consistent with these findings, 8-pCPT-2Ј-O-Me-cAMP, a cAMP analog that selectively activates EPAC, had no effect on phosphate transport in cultured mouse proximal tubule cells.
As noted earlier, the present experiments were designed to detail factors regulating phosphate transport in cultured mouse proximal tubule cells. These experiments highlight the unique manner by which PTH and dopamine utilize cellular signaling pathways involving PKC and PKA to inhibit phosphate transport (Fig. 7) . While activation of PKC is required for the inhibitory effect of both hormones on phosphate transport, dopamine but not PTH had an absolute requirement for activation of PKA. These experiments also suggest that activation of MAPK is not critical for the inhibitory effect of either PTH or dopamine on phosphate transport in cultured mouse proximal tubule cells and that cAMP serves to activate an inhibitory pathway mediated by PKA rather than EPAC. Recent studies from our laboratory as well as from Deliot et al. (12, 33) indicated that NHERF-1 is a target of the activation of the PTH receptor resulting in the phosphorylation of NHERF-1, dissociation of Npt2a/NHERF-1 complexes, and inhibition of phosphate transport. The downstream targets of occupancy of the dopamine receptor, however, have not been studied and comparison of Npt2a regulatory proteins whose phosphorylation is enhanced by dopamine may shed new light on the difference in the signaling cascades activated by PTH and dopamine and the relative roles of PKA and PKC in the control of renal phosphate transport.
